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ABSTRACT 
I n d u c t i o n  motors have l o n g  been r e c o g n i z e d  f o r  
c h e i r  s j m o l e  rugged  c o n s t r u c t i o n .  To d a t e ,  however ,  
t h e i r  a p p l i c a t i o n  t o  v a r i a b l e  speed o r  s e r v o  d r i v e s  
has been iampered by l i m i t a t i o n s  on t h e i r  c o n t r o l .  
I n d u c t i o n  mo to r  , d r i v e s  have tended to be complex and 
t o  J i s o l a y  t roub lesome low  speed c h a r a c t e r i s t i c s  due 
L - i n  par; 1 3  n o n s i n u s o i d a l  d r i v i n g  v o l t a g e s .  
.J i n v o l v e s  d i r e c t  s y n t h e s i s  o f  s i n u s o i d a l  d r i v i n g  
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A new t e c h n i q u e  has been deve loped  wh ich  
, vo l tages  from a h i g h  f requency  power bus and i n d e -  
pendent  c o n t r o l  o f  f r e q u e n c y  and v o l t a g e s .  Separa- 
t i c n  of f r e q u e n c y  and v o l t a g e  a l l o w s  independen t  
c o n t r o l  o f  r o t o r  and s t a t o r  f l u x ,  f u l l  f o u r  quad- 
r a n t  o p e r a t i o n .  and i n s t a n t a n e o u s  t o r q u e  c o n t r o l .  
Recent t e s t  r e s u l t s ,  c u r r e n t  s t a t u s  of t h e  
t e c h n o l o g y .  and p roposed  aerospace a p p l i c a t i o n s  
r i l i  be d i s c u s s e d .  
INTRODUCTION 
Th is  paper  d i l l  d i s c u s s  p r e v i o u s  and o n g o i n g  
. work a t  NASA Lewis Research C e n t e r  i n  t h e  genera l  
a r e a  of aerospace e l e c t r o m e c h a n i c a l  a c t u a t o r s  
(EMA' s )  . 
I t  has been r e c o g n i z e d  for  some t i m e  t h a t  
e l e c t r o m e c h a n i c a l  a c t u a t o r s  have many p o t e n t i a l  
advantages o v e r  h y d r a u l i c  a c t u a t o r s .  C e r t a i n  tech -  
n i c a l  l i m i t a t i o n s .  however ,  have p r e v e n t e d  t h e i r  
a d a p t a t i o n  i n  l a r g e  ( m u l t i h o r s e p o w e r )  a p p l i c a t i o n s .  
Among t h e  g e n e r a l l y  accep ted  advantages o f  
EMA's a r e  reduced  ma in tenance ,  a d a p t a b i l i t y  t o  
b u i l t - i n - t e s t i n g  ( B I T E ) ,  improved r e l i a b i l i t y ,  and 
g r e a t l y  improved e f f i c i e n c y  ( t y p i c a l l y  1O:l or 
more)  ( F i g .  1 ) [ 1 1 .  The t i m e  i s  r i p e  for  a p p l i c a -  
t i o n  o f  E M A ' s ,  as cus tomers  a r e  r e c o g n i z i n g  t h e i r  
g r e a t  advan tage  i n  r e d u c i n g  t h e  l i f e  c y c l e  c o s t  o f  
o w n e r s h i p .  
PRESENT APPROACH TO EMA'S 
B r u s h l e s s  dc m o t o r s  
H i s t o r i c a l l y ,  ae rospace  EMA's have used 
" b r u s h l e s s  dc "  motors. These a r e  i n  r e a l i t y  perma- 
n e n t  magnet synchronous ac mo to rs  r e q u i r i n g  e l e c -  
t r o n i c  i n v e r s i o n  and c o n t r o l  c i r c u i t r y .  There have 
been s e v e r a l  t e c h n i c a l  l i m i t a t i o n s  t o  t h e  g e n e r a l  
a p p l i c a t i o n  of b r u s h l e s s  dc m o t o r s ,  wh ich  become 
ove rwhe lm ing  i n  l a r g e  ae rospace  a c t u a t o r s .  
One p r o b l e m  i n h e r e n t  i n  permanent f i e l d  e x c i -  
t a t i o n  concerns f a i l u r e  modes and t h e i r  accommoda- 
t i o n .  I n  t h e  case o f  a s h o r t e d  s t a t o r  w i n d i n g  a r  
i t s  a s s o c i a t e d  d r i v e  c i r c u i t r y ,  t h e  motor  becomes 
an u n c o n t r o l l a b l e  l o a d  upon t h e  r e s t  o f  t h e  system. 
Wh i le  i t  has been proposed to accommodate s i n g l e  
even t  f a i l u r e s  w i t h  mechanica l  d i f f e r e n t i a l s ,  
e x p l o s i v e  c l u t c h e s ,  e t c . ,  f a i l u r e  accommodation 
f o r  m u l t i p l e  f a i l u r e s  has become v e r y  d i f f i c u l t  
[ 2 1 .  The permanent  magnets a r e  g e n e r a l l y  l o c a t e d  
i n  t h e  r o t o r  t o  m i n i m i z e  rotor l o s s .  They a r e  
i n h e r e n t l y  f r a g i l e ,  however, and have a d e f i n i t e  
tempera tu re  l i m i t a t i o n  due t o  t h e  C u r i e  p o i n t  t r a n -  
s i t i o n  o f  t h e  permanent  magnets. 
b r u s h l e s s  dc motors i n  g e n e r a l ,  a n o t h e r  p r o b l e m  
has l i m i t e d  t h e i r  a p p l i c a t i o n  i n  l a r g e .  m u l t i p l e -  
horsepower,  aerospace a c t u a t o r s .  T y p i c a l l y .  t hese  
mo to rs  have been d r i v e n  from h a r d  s w i t c h e d  sources 
h a v i n g  t u r n  o f f  l o s s e s  wh ich  a r e  p r o p o r t i o n a l  t o  
f r e q u e n c y .  A d d i t i o n a l l y ,  v o l t a g e  r e g u l a t i o n  i s  
g e n e r a l l y  accomp l i shed  by p u l s e  w i d t h  (squarewave)  
m o d u l a t i o n .  Such waveforms cause i n c r e a s e d  moto r  
l o s s e s  due to  t h e i r  r i c h  harmonic  c o n t e n t  ( F i g .  2 ) .  
I n  a d d i t i o n ,  t h e  f i l t e r i n g  r e q u i r e d  w i l l  be p h y s i -  
c a l l y  l a r g e  due t o  t h e  low machine f r e q u e n c y  
i n v o l v e d .  When harmonic  c o n t e n t  and f i l t e r  
r e q u i r e m e n t s  a r e  reduced  by i n c r e a s i n g  s w i t c h i n g  
r a t e s ,  c i r c u i t  c o m p l e x i t i e s  and l o s s e s  r a p i d l y  
i n c r e a s e .  The e f f e c t  o f  t hese  l i m i t a t i o n s  i s  such 
t h a t  t h e  d r i v e  c i r c u i t r y  for l a r g e  b r u s h l e s s  dc 
motors i s  t y p i c a l l y  many t imes  t h e  s i z e  o f  t h e  
mo to r  i t s e l f .  
Wh i le  t h e s e  f i rst  two l i m i t a t i o n s  concern  
Sw i t ched  R e l u c t a n c e  Motors 
More r e c e n t l y  h i g h  s a l i e n c y ,  s w i t c h e d  r e l u c -  
t ance  mo to rs  have been advoca ted  f o r  a c t u a t o r s  
( F i g .  3). One advantage r e a l i z e d  i s  t h e  avo idance  
o f  mechan ica l  lock up under  s t a t o r  f a u l t  c o n d i -  
t i o n s .  Ano the r  o f t e n  c i t e d  advantage i s  t h a t  o n l y  
h a l f  as many e l e c t r o n i c  s w i t c h e s  a r e  r e q u i r e d .  
S i n c e  these  s w i t c h e s ,  however, must  c a r r y  t w i c e  
t h e  c u r r e n t  as t h e  mo to r  power i n c r e a s e s ,  d o u b l i n g  
s w i t c h  c u r r e n t  becomes a d e v i l ' s  b a r g a i n  when d e a l -  
i n g  w i t h  I* phenomena, such as  l eakage  r e a c t a n c e  
e n e r g y .  Low speed o p e r a t i o n  o f  s w i t c h e d  r e l u c t a n c e  
machines becomes i n c r e a s i n g l y  rough  as t h e  o p e r a t -  
i n g  speed reduces  toward  t h a t  o f  a s t e p p e r  motor. 
I n  s p i t e  o f  t h e s e  l i m i t a t i o n s ,  s w i t c h e d  r e l u c t a n c e  
machines a r e  becoming p o p u l a r  i n  l o w e r  power a p p l i -  
c a t i o n s ,  p a r t i c u l a r l y  i n  t h e  U n i t e d  Kingdom C31. 
However, t h e i r  s u i t a b i l i t y  for  h i g h  power s e r v o  
a p p l i c a t i o n s  rema ins  t o  be demons t ra ted .  
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FIGURE 1. - CHART SHOWING ADVANTAGES OF ELECTROHYDROSTATIC ACTUATORS OVER CENTRAL HYDRAULICS (WAEB STUDY). 
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FIGURE 3. - GEOMETRY OF HIGH SALIENCY SWITCHED RELUCTANCE 
MOTOR. 
REFERENCE 
VOLTAGE 
v p f )  
PHASE 
VOLTAGE 
V,(V) 
+250 
-250 E- 
I I II u-UI Ill I 1111 +250 1 PHASE 
VOLTAGE -250 I I I  I I  I I l l h l r r l l l l  
V b ( N )  
PHASE 
VOLTAGE -250 
v c ( v )  
I-1 msi 
FIGURE 4 .  - SYNTHESIS OF A BALANCED SET OF VOLTAGES HAVING 
SINUSOIDAL. FUNDAMENTAL FREQUENCY IS 400 HZ WITH A MOD- 
ULATION INDEX OF 0.9, 
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